Abstract-Lysophosphatidylcholine (LPC) is an endogenous phospholipid released from the cell membrane during ischemia, and it has potent cardiac effects, including inhibition of atrial natriuretic peptide (ANP) release. The aim of this study was to investigate the effects of LPC on hemodynamics and ANP release in hypertrophied atria and to define its mechanism. Isolated, perfused, beating, hypertrophied atria from monocrotaline-treated rats were used. LPC (30 mol/L), a mixture of stearoyl-LPC, palmitoyl-LPC, and oleoyl-LPC, caused suppression of ANP release, which was markedly attenuated in hypertrophied atria compared with nonhypertrophied atria. Suppression of ANP release by stearoyl-LPC, palmitoyl-LPC, or oleoyl-LPC was also attenuated in hypertrophied atria. The potency appeared to be dependent on the species of fatty acid residue of LPC. Changes in ANP release by LPC, palmitoyl-LPC, and oleoyl-LPC were positively correlated with the degree of cardiac hypertrophy, but that by stearoyl-LPC was not. Changes in ANP release by LPC also were negatively correlated with changes in pulse pressure. Stearoyl-LPC caused an increase in intracellular Ca 2ϩ in single, atrial myocytes in a concentration-dependent manner, which was markedly attenuated in hypertrophied atrial myocytes. These results suggest that attenuation of LPC-induced suppression of ANP release from hypertrophied atria might partly be related to changes in pulse pressure in terms of cardiac hypertrophy and/or disturbance of intracellular Ca 2ϩ regulation. 
L ysophosphatidylcholine (LPC) is naturally formed by phospholipase A 2 -induced hydrolysis of a main membrane phospholipid, phosphatidylcholine. 1 LPC is produced during normal phospholipid turnover and accumulates rapidly during myocardial ischemia. [2] [3] [4] [5] LPC produces potent, reversible, and localized cardiac effects, such as membrane depolarization, modulation of the cardiac Na ϩ current, and arrhythmogenesis. 6 -10 These cardiac effects are directly or indirectly related to an increase in intracellular calcium ([Ca 2ϩ ] i ). [11] [12] [13] Recently, we reported LPC-induced suppression of atrial natriuretic peptide (ANP) release through the protein kinase C-Ca 2ϩ and phosphoinositol 3-kinase pathway. 14 Atrial cardiomyocytes are involved in both mechanical and endocrine functions of the heart, which are mainly mediated by [Ca 2ϩ ] i . Ca 2ϩ might be one of the most important factors affecting ANP secretion, even though controversy still exists. [15] [16] [17] [18] Abnormal [Ca 2ϩ ] i handling has been described in various cardiac diseases associated with hypertrophy and during ischemia. 19, 20 It has been reported that Ca 2ϩ overload in hypertrophied ventricular myocytes might be related to an increased Ca 2ϩ influx through Ca 2ϩ channels as well as reduced Ca 2ϩ reuptake by the sarcoplasmic reticulum. 21, 22 An increase in myocardial [Ca 2ϩ ] i in the hypertrophied heart has been proposed as a major mediator of the structural deterioration of the myocardium and has been implicated in the pathogenesis of contractile dysfunction and arrhythmia in the failing heart. 23 Cardiac hypertrophy is the fundamental process of adaptation to an increased workload due to hemodynamic overload and is known to activate the cardiac ANP system, with a subsequent high plasma concentration as one of the cardiac compensatory mechanisms. 24 -26 Modifications of ANP release by endothelin-1 and C-type natriuretic peptide are reported in hypertrophied atria. 27, 28 However, it is not clear whether LPC-induced suppression of ANP release is modified by atrial hypertrophy. The aim of the present study was to investigate the effect of LPCs on atrial hemodynamics and ANP release in hypertrophied atria and to define its mechanisms.
Methods

Animals
Male Sprague-Dawley rats (Daehan Biolink Co. Ltd, Korea) weighing 230 to 250 g were used. Rats were given a single subcutaneous injection of 50 mg/kg monocrotaline (MCT) or vehicle. Right atrial hypertrophy developed 4 to 5 weeks after MCT injection as a consequence of pulmonary hypertension. 27 
Preparation of Perfused, Beating, Rat Atria
Isolated, perfused, beating atria were prepared by a previously described method. 14 In brief, the right atrium was dissected from the heart after euthanasia by decapitation, and sinoatrial nodal tissue was removed. A cannula containing 3 small catheters sealed within it was inserted into the atrium and secured by ligatures. The cannulated atrium was transferred to an organ chamber, immediately perfused with oxygenated HEPES buffer solution at 36.5°C, and paced at 1.3 Hz (duration 0.3 ms, 40 V), as described previously. 18 Intra-atrial pressure was recorded on a physiograph via a pressure transducer, and pulse pressure was obtained as the difference between systolic and diastolic pressure. The composition of the HEPES buffer solution was as follows: NaCl 118 mmol/L, KCl 4.7 mmol/L, CaCl 2 2.5 mmol/L, MgSO 4 1.2 mmol/L, NaHCO 3 25 mmol/L, HEPES 10 mmol/L, glucose 10 mmol/L, and bovine serum albumin 0.1%. The pericardial buffer solution, which contained [ 3 H]inulin to measure translocation of the extracellular fluid (ECF), was also oxygenated by placing silicone-tubing coils inside the organ chamber. The atrium was perfused for 100 minutes to stabilize the secretion of ANP and to maintain a steady-state [ 3 H]inulin level in the extracellular space. Experiments were performed with 4 groups described below. After the experiments were completed, the perfused atrium was cut below the ligature, and tissue weight was measured.
Experimental Protocols
Experiments were performed with 4 groups. Group 1 was the time control atria from control rats (nϭ6). Group 2 included the LPCperfused control atria. LPC (type V from bovine brain, Sigma; 30 mol/L, nϭ7) was introduced into the atrial lumen after a 10-minute control collection period, and perfusate was collected for 60 minutes. Three types of LPCs (each 30 mol/L), stearoyl-LPC (nϭ7), palmitoyl-LPC (nϭ7), and oleoyl-LPC (nϭ7), were also used. Group 3 was the time control, hypertrophied atria from MCT-treated rats (nϭ6). Group 4 was the LPC-perfused, hypertrophied atria. LPC (nϭ12) was introduced into the atrial lumen after a 10-minute control collection period, and perfusate was collected for 60 minutes. Three types of LPCs (each 30 mol/L), stearoyl-LPC (nϭ8), palmitoyl-LPC (nϭ8), and oleoyl-LPC (nϭ7), were also used.
Radioimmunoassay of ANP
The concentration of ANP in the perfusate was measured by a specific radioimmunoassay, as described previously. 29 
Measurement of ECF Translocation
The radioactivity of [ 3 H]inulin in the atrial perfusate was measured with a liquid scintillation counter, and the amount of ECF translocated through the atrial wall was calculated, as described elsewhere. 30 
Measurement of [Ca 2؉ ] i Concentration in Single, Atrial Myocytes
Single, atrial myocytes from the right atria of control and MCTtreated rats were isolated, and changes in [Ca 2ϩ ] i were measured with a fluorescence digital imaging microscopic system, as described previously. 18, 31 
Statistical Analysis
Results are given as meanϮSEM. Statistical significance of differences was assessed by repeated-measures ANOVA (Figure 1 Pulse pressure, the difference between systolic and diastolic atrial pressure, was similar in both types of atria. Figure 1 shows the effect of LPC on pulse pressure, ECF translocation, ANP secretion, and ANP concentration in hypertrophied atria from MCT rats compared with nonhypertrophied atria form normal rats. In both groups of atria, pulse pressure, ECF translocation, and ANP secretion were relatively constant throughout the experiment (Figure 1 ). After stabilization, the perfusate was collected 5 times every 2 minutes to serve as a control period, and then LPC was infused at a concentration of 30 mol/L. During the period of LPC infusion, pulse pressure and ECF translocation did not change significantly ( Figure 1A and 1B). In nonhypertrophied atria, ANP secretion and interstitial ANP concentration, which was calculated from the ANP secretion rate divided by ECF translocation and the molecular weight of ANP, were markedly decreased with time by Ϸ60% ( Figure 1A) . In hypertrophied atria, however, LPC caused decreases in ANP secretion and concentration by only 25% ( Figure 1B) .
Results
Effects of LPC on ANP Secretion From Hypertrophied Atria
Comparison of Suppressive Effects of ANP Release by Different Types of LPCs in Hypertrophied Atria
The LPC used in the present study was a mixture of stearoyl-LPC, palmitoyl-LPC, and oleoyl-LPC. To compare the inhibitory effect of different forms of LPC on ANP secretion, normal and hypertrophied atria were perfused with stearoyl-LPC, palmitoyl-LPC, or oleoyl-LPC. Figure 2A shows the relative percentage changes from the mean of 5 control values and the last 5 experimental values of animals exposed to LPC (from Figure 1 ) and the different types of LPCs in nonhypertrophied atria from normal rats. Increases in pulse pressure and ECF translocation by stearoyl-LPC were significantly higher than those by LPC (Figure 2A ). Palmitoyl-LPC and oleoyl-LPC caused changes in pulse pressure and ECF translocation similar to that of LPC. Decreases in ANP secretion by stearoyl-LPC and palmitoyl-LPC were similar to that by LPC (Figure 2A ). Oleoyl-LPC caused a decrease in ANP secretion, which was lower than that by LPC.
In hypertrophied atria, LPC and the various constituents of LPC did not cause any significant change in pulse pressure ( Figure 2B ). Stearoyl-LPC caused an increase in ECF translocation compared with the LPC-infused group ( Figure 2B ). However, no significant differences in relative changes in ECF translocation between hypertrophied and nonhypertrophied atria were found. Interestingly, the decreases in ANP secretion and concentration by LPC, stearoyl-LPC, palmitoyl-LPC, and oleoyl-LPC were markedly attenuated in hypertrophied atria compared with nonhypertrophied atria (Figure 2A and 2B) .
Attenuation of LPC-induced suppression of ANP release appeared to be more prominent in the hypertrophied atria. Therefore, to determine whether attenuation of the LPCinduced suppressive effect on ANP release in hypertrophied atria was related to cardiac hypertrophy, the relative changes in ANP concentration by different types of LPCs were plotted against the degree of cardiac hypertrophy, as shown in Figure  3 . The ratio of right ventricle to left ventricle and septum was positively correlated with changes in ANP concentration by LPC, palmitoyl-LPC, and oleoyl-LPC ( Figure 3A) . However, no significant correlation between changes in ANP concentration by stearoyl-LPC and cardiac hypertrophy was found (yϭ49.0xϪ59.1, r 2 ϭ0.14). A close negative correlation was found between the relative changes in ANP concentration and pulse pressure by LPC ( Figure 3B) (Figure 4 ).
Discussion
The present study clearly shows an attenuation of LPCinduced suppression of ANP release in hypertrophied atria, which is closely related to the degree of cardiac hypertrophy. LPC produced during normal phospholipid turnover accumulates rapidly in the coronary sinus or in effluents by 2-fold during myocardial ischemia. [3] [4] [5] LPC has been known to have various cardiac effects 6 -10 and to be related to the development of hypertension and atherosclerosis. 32 Recently, we found that LPC at a dose of 30 mol/L caused an Ϸ60% reduction in ANP release with a slight increase in intra-atrial pressure. The inhibitory effect of LPC on ANP secretion might be partially related to changes in [Ca 2ϩ ] i . 14 The LPC used in this study was a mixture of stearoyl-, palmitoyl-, and oleoyl-LPC. Therefore, we compared the potency of different types of LPCs. The suppression of ANP release was observed in stearoyl-LPC-, palmitoyl-LPC-, and oleoyl-LPC-infused groups. Compared with a previous report, 14 the potency of the LPC effect was similar to that of stearoyl-LPC and palmitoyl-LPC, whereas that of oleoyl-LPC was similar to the effect of lauroyl-LPC and myristoyl-LPC. The potency appears to be dependent on the species of fatty acid residue of LPC. Abnormal [Ca 2ϩ ] i handling has been described in various cardiac diseases associated with hypertrophy, 19 and the suppressive effect of LPC on ANP secretion has been reported to be partly related to [Ca 2ϩ ] i . 14 Therefore, we investigated the possible modification of LPC effects on atrial hemodynamics and ANP secretion in hypertrophied atria. Surprisingly, LPC caused an Ϸ25% reduction in ANP release in hypertrophied atria, which was markedly attenuated compared with the 60% suppression of ANP secretion observed in control atria. The decreases in ANP secretion might be partially related to changes in [Ca 2ϩ ] i . The relative changes in ANP concentration by LPC were positively correlated with the degree of cardiac hypertrophy and negatively with the changes in pulse pressure. In other words, the greater the degree of atrial hypertrophy, the greater the attenuation of the inhibitory effect of LPC on ANP secretion. The relative change in ANP concentration by palmitoyl-LPC or oleoyl-LPC was also positively correlated with the degree of cardiac hypertrophy but not with changes in pulse pressure. However, attenuation of the suppressive effect of ANP secretion by stearoyl-LPC showed a lack of correlation with either cardiac hypertrophy or changes in pulse pressure. Our results show that change in intra-atrial pressure is one of the important factors involved in the attenuation of LPC effects. Additionally, other undefined factors related to cardiac hypertrophy, such as receptor downregulation or disturbance of a signaling pathway (protein kinase C-Ca 2ϩ and phosphoinositol 3-kinase pathway) 14 are also responsible for those effects.
LPC is known to alter cellular Ca 2ϩ homeostasis. LPC causes an accumulation of [Ca 2ϩ ] i in a dose-dependent manner in ventricular myocytes. 12,13 LPC also causes Ca 2ϩ efflux from isolated, rat ventricular myocytes through the Na ϩ -Ca 2ϩ exchanger. 33 We demonstrated previously that LPC slightly increases [Ca 2ϩ ] i in single, atrial myocytes in a dosedependent manner. 14 However, the increase in [Ca 2ϩ ] i in atrial myocytes by LPC was small compared with that in ventricular myocytes. 12, 13 Nevertheless, the suppression of ANP release by LPC was prominent. In atrial myocytes from hypertrophied hearts, increases in [Ca 2ϩ ] i by stearoyl-LPC were significantly attenuated in atrial myocytes. Therefore, we suggest that attenuation of stearoyl-LPC-induced suppression of ANP secretion in hypertrophied atria is at least partly related to disturbances in [Ca 2ϩ ] i regulation. What is the physiologic significance of the attenuation of LPC-induced suppression of ANP secretion by atrial hypertrophy? We have already reported the modification of ANP secretion from hypertrophied atria characterized by accentuation of the stimulatory effect of endothelin-1 and attenuation of the inhibitory effect of C-type natriuretic peptide. 27, 28 In this study, we found an attenuation of the inhibitory effect of LPC on ANP secretion. Taken together with the aforementioned data, ANP secretion from hypertrophied atria appears to be activated by attenuating the inhibitory effects and accentuating the stimulatory effects on ANP secretion. It has been reported that disruption of the ANP receptor causes high blood pressure and cardiac hypertrophy as well as fibrosis, 34, 35 and ANP inhibits cardiomyocyte hypertrophy. 36 Therefore, we speculate that activation of ANP secretion as well as synthesis 24 and downregulation of a clearance receptor 37 might be explained as a cardiac compensatory response to reduce overload in established pulmonary hypertension via dilation of pulmonary arterioles 25 and diuresis. 26 The activated ANP system might be involved in the regulation of cardiac hypertrophy or fibrosis to reduce energy consumption of the heart, even though more studies for its exact mechanisms are needed.
In conclusion, we suggest that attenuation of the LPCinduced suppression of ANP release by atrial hypertrophy might partially be related to alterations in the responsiveness of pulse pressure and [Ca 2ϩ ] i to LPCs and other as yet undefined factors.
Perspectives
LPC is an endogenous phospholipid released from the cell membrane during ischemia. LPC has potent and localized cardiac effects and is related to the development of hypertension. In this study, LPC caused suppression of ANP release, and the potency appeared to be dependent on the species of fatty acid residue of LPC. The suppressive effects of LPC on ANP release are markedly attenuated in hypertrophied atria. The greater the degree of atrial hypertrophy, the greater the attenuation of the inhibitory effect of LPC on ANP release. This effect might partially be related to changes in pulse pressure in terms of cardiac hypertrophy and/or a disturbance in [Ca 2ϩ ] i regulation. We speculate that the activation of ANP secretion might be explained as a cardiac compensatory response to reduce overload in established pulmonary hypertension via dilation of pulmonary arterioles and diuresis. In addition, the activated ANP system might also be involved in the regulation of cardiac hypertrophy or fibrosis to reduce energy consumption of the heart. If there were no activation of the ANP system in these conditions, pulmonary hypertension might be aggravated. However, more studies are needed to search for the undefined factor(s) related to cardiac hypertrophy other than the disturbance in [Ca 2ϩ ] i regulation. 
